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Abstract Diffuse intrinsic pontine glioma (DIPG) is a
highly morbid form of pediatric brainstem glioma. Here, we
present the first comprehensive protein, mRNA, and meth-
ylation profiles of fresh-frozen DIPG specimens (n = 14),
normal brain tissue (n = 10), and other pediatric brain
tumors (n = 17). Protein profiling identified 2,305 unique
proteins indicating distinct DIPG protein expression pat-
terns compared to other pediatric brain tumors. Western blot
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and immunohistochemistry validated upregulation of Clus-
terin (CLU), Elongation Factor 2 (EF2), and Talin-1 (TLN1)
in DIPGs studied. Comparisons to mRNA expression pro-
files generated from tumor and adjacent normal brain tissue
indicated two DIPG subgroups, characterized by upregula-
tion of Myc (N-Myc) or Hedgehog (Hh) signaling. We vali-
dated upregulation of PTCH, a membrane receptor in the Hh
signaling pathway, in a subgroup of DIPG specimens. DNA
methylation analysis indicated global hypomethylation of
DIPG compared to adjacent normal tissue specimens, with
differential methylation of 24 genes involved in Hh and
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Myc pathways, correlating with protein and mRNA expres-
sion patterns. Sequencing analysis showed ¢.83A>T muta-
tions in the H3F3A or HISTIH3B gene in 77 % of our DIPG
cohort. Supervised analysis revealed a unique methylation
pattern in mutated specimens compared to the wild-type
DIPG samples. This study presents the first comprehensive
multidimensional protein, mRNA, and methylation profiling
of pediatric brain tumor specimens, detecting the presence
of two subgroups within our DIPG cohort. This multidimen-
sional analysis of DIPG provides increased analytical power
to more fully explore molecular signatures of DIPGs, with
implications for evaluating potential molecular subtypes and
biomarker discovery for assessing response to therapy.

Keywords Diffuse intrinsic pontine glioma (DIPG) -
Brainstem glioma - Proteomics - Histone H3 - Myc
oncogene - Hedgehog

Introduction

Brain tumors are the most common solid tumor in children.
Approximately 15 % occur in the brainstem where up to
80 % are diffuse intrinsic pontine glioma (DIPG). DIPG
affects young children with onset between 6 and 9 years
of age [53]. Radiation therapy is the standard treatment,
temporarily decreasing symptoms, yet DIPG continues
to exhibit the highest mortality rate of all pediatric brain
tumors with median survival less than 12 months and 5-year
survival rate less than 5 % [16]. Despite almost 40 years of
clinical trials exploring chemotherapeutic and radiation reg-
imens, there has been little change in treatment paradigm or
overall survival for children with DIPG [4, 16, 25].

DIPG is an infiltrative, often high-grade (WHO III or IV)
astrocytoma (HGA) of the brainstem and is not amenable
to surgical resection. Diagnosis is commonly made at the
time of symptom onset based on characteristic radiographic
appearance on magnetic resonance imaging (MRI), and
diagnostic tissue biopsy is uncommonly performed [16, 53].
Historically, this resulted in poor access to tumor tissue for
molecular analysis, hindering understanding of tumor biol-
ogy and development of therapeutic modalities to improve
survival. The cooperation of tumor consortiums, relative
increase in the safety and frequency of stereotactic tumor
biopsy, and postmortem tissue collection have facilitated
recent molecular analyses of rare DIPG tissue specimens [2,
4, 8, 25, 38]. These studies demonstrate that DIPGs exhibit
distinct molecular characteristics compared to HGAs, and
that DIPG represents a biologically heterogeneous group
of brainstem tumors with clinical implications [3, 6, 20,
34, 37, 39, 44, 47, 49, 58]. In addition, missense mutations
Lys27Met (K27M) and Gly34Arg/Val (G34R/V) in genes
encoding Histone H3.3 (H3F3A) and H3.1 (HIST3HIB)
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have recently been identified in pediatric gliomas, and the
H3 K27M driver mutation correlated with a clinically and
biologically distinct subgroup of DIPG patients [24, 27, 28].
This underscores the need for improved molecular charac-
terization of DIPG using clinically accessible tissue speci-
mens and cutting-edge techniques for accurate diagnosis
and improved patient outcomes.

We previously performed protein profiling of archival
formalin-fixed paraffin-embedded (FFPE) postmortem
tumor specimens, demonstrating the utility of proteomic
analysis of cerebrospinal fluid (CSF) from patients with
DIPG for detection of tumor-secreted proteins as biomark-
ers for clinical diagnosis and treatment [35, 44]. To expand
our analyses, we performed a multidimensional study of
rare fresh-frozen DIPG specimens to characterize protein,
mRNA, and methylation patterns in a cohort of pediatric
brain tumor specimens, including DIPGs (n = 14) for which
Histone 3 mutation status was also investigated. Our mRNA
and protein profiles suggest the presence of two subgroups
within our DIPG cohort representing Myc and Hh signal-
ing pathways. We validate upregulation of Patched (PTCH)
with nuclear translocation of Glioma Associated Onco-
gene 1 (GLI1), two key Hh pathway molecules, as well as
expression of Clusterin (CLU), Talin-1 (TLN1), and Elon-
gation Factor 2 (EF2) proteins in DIPG tumor tissue. Our
methylation analysis indicated hypomethylation of DIPG,
while supervised clustering of methylation profiles based
on Histone H3.3 K27M mutation status showed differential
methylation patterns between mutant and wild-type tumors
affecting pathways of gene expression. To our best knowl-
edge, this is the first comprehensive, multidimensional anal-
ysis of a cohort of pediatric brainstem glioma specimens.

Materials and methods
Biological specimens

A total of 44 tumor and normal brain tissue specimens
(brainstem, cerebellum and frontal lobe) were collected
in accordance with Children’s National Medical Center
Institutional Review Board (IRB) approvals (IRB# 1339,
#463 and #747) (Table 1). Patient identifiers were removed
prior to evaluation and a single sequential numerical identi-
fier (Patient ID, or PID) was assigned to each patient. All
brain tumor diagnoses were made by a neuroradiologist
based on radiographic imaging, and confirmed by neu-
ropathologic evaluation of tissue specimens. Tumor and
normal brain tissue was collected from 31 patients intra-
operatively or postmortem, including postmortem DIPG
(n = 14), supratentorial astrocytoma (n = 8§), ependymoma
(n = 3), infratentorial juvenile pilocytic astrocytoma
(n = 2), medulloblastoma (n = 2), glioneural tumor (n = 1)
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Table 1 Tissue specimens used for molecular analyses
Patient ID Diagnosis Gender Age Type ¢.83 A—T (K27M) Normal tissue Protein mRNA DNA
status origin analysis  analysis  methylation
analysis
H3F3A  HISTIH3B
1 DIPG M 8 years PM WT MT Brainstem T,N - T,N
2 DIPG F 6 years PM MT - Brainstem T,N T T,N
3 DIPG F 7 years PM - - Brainstem T,N T,N -
4 DIPG M n/a PM MT - - T T -
5 DIPG M n/a PM MT - - T T -
6 DIPG F 14 years PM MT - Brainstem T, N T, N T, N
7 DIPG F 5 years PM MT - Brainstem T,N T,N T,N
8 DIPG M n/a PM WT MT Brainstem T,N T,N T,N
9 DIPG F 4 years PM WT WT - T T -
10 DIPG M 8 years PM MT - Brainstem T,N T, N T, N
11 DIPG M 8 years PM MT - Brainstem T,N T,N T,N
12 DIPG n/a n/a PM MT - - T T -
13 DIPG M 21 years PM WT WT Frontal lobe T, N T,N T, N
14 DIPG M 6 years PM WT WT Frontal lobe T, N T,N T,N
15 Astrocytoma M 15years OR WT WT Frontal lobe T, N T, N -
16 Astrocytoma M 15years OR WT WT - T T -
17 Astrocytoma M 7 years PM n/a - - T - -
18 Astrocytoma M 25 years PM WT WT - T T -
19 Astrocytoma (GBM) F 6 years PM WT MT Frontal lobe T, N - T,N
20 Astrocytoma (GBM) M 25 years PM MT - T T -
21 Astrocytoma (GBM) M 18 years PM WT WT - T T -
22 Astrocytoma (GBM) M 18 years PM MT - Frontal lobe T, N T, N -
23 Juvenile Pilocytic M 5 years OR WT - - T T -
Astrocytoma
24 Juvenile Pilocytic M 21 years PM WT - - T T -
Astrocytoma
25 Ependymoma M 3 years OR WT - - T T -
26 Ependymoma M 15years OR WT - - T T -
27 Ependymoma M 6 months OR WT - - T T -
28 Medulloblastoma M 15 years OR WT - - T T -
29 Medulloblastoma F 8 years OR WT - - T T -
30 Glioneural tumor F 2 years PM WT - - T T -
31 Meningioma F 11 years OR WT - - T T -
Total patients 31 29 10 13 31 28 10

Tissue specimens were acquired postmortem (PM) or intraoperatively (OR) from 31 patients, including tumor (T) and normal (N) brain tissue,
and used for protein, gene expression and DNA methylation analysis. Sanger sequencing of Histone H3.3 (H3F3A) and H3.1 (HIST1H3B) loci
were also performed to identify ¢.83A>T mutant (MT) and wild-type (WT) subjects

or meningioma (n = 1). Normal tissue was obtained from
perilesional brainstem (n = 8) or from normal frontal lobe
n=4).

Proteomic analysis
Protein (30 pg) was obtained from each tissue sample,

and resolved on SDS-polyacrylamide gel electrophoresis
as previously described [44]. Briefly, protein bands were

sliced and processed for in-gel digestion and extraction and
resolved using Eksigent nano-hplc system (Dublin, CA)
and analyzed using mass spectrometry (ThermoFisher Sci-
entific, Waltham, MA). MS data were searched using the
Sequest algorithm in the Bioworks Browser 3.3.1 against
the Uniprot human database. Search result files were loaded
into ProteolQ software (NuSep, Bogart, GA) and filtered
based on the following stringent filtration criteria: >2
peptides/protein, >10 spectra/protein, minimum peptide

@ Springer



884

Acta Neuropathol (2014) 127:881-895

probability-based score with a p value of <0.05 and a vari-
able threshold of Xcorr versus charge state (Xcorr = 1.9 for
z =1, Xcorr = 2.5 for z = 2, and Xcorr = 3.5 for z = 3).
Protein expression analysis was performed with Partek
Genomics Suite v6.6 (Partek Incorporated, St. Louis, MO).

Antibodies

Mouse monoclonal anti-TLN antibody (Santa Cruz Bio-
technology, Santa Cruz, CA) was used at 1:100 dilution.
Mouse monoclonal anti-CLU antibody (Abnova, Taipei
City, Japan) was diluted 1:2,000. Rabbit polyclonal anti-
EF2 antibody (Lifespan Biosciences Inc., Seattle, WA)
was diluted 1:1,000. Horseradish peroxidase-labeled sec-
ondary antibodies were diluted 1:5,000 (Kirkergaard and
Perry Laboratories, Gaithersburg, MD). Rabbit polyclonal
anti-PTCH antibody (Abcam, Cambridge MA) was diluted
1:100. Rabbit polyclonal anti-ATRX antibody (Sigma
Aldrich, St. Louis, MO) was diluted 1:200. Rabbit mono-
clonal anti-P53 antibody (Biocare Medical, Concord, CA)
was prediluted ready to use. Rabbit anti-GLI1 polyclonal
antibody (Gene Tex, Irvine, CA) was diluted 1:250. All
antibodies used for Western blotting have been previously
shown to detect the target protein at the correct molecular
mass [26, 33, 40, 43].

RNA extraction, reverse transcription and array
hybridization

Tissue specimens were homogenized in Trizol followed by
phase-separation of nucleic acids with chloroform. RNA
was extracted using the Picopure RNA isolation kit (Arc-
turus Bioscience, Mountain View, CA). DNA was removed
by treating columns with RNase Free DNase (Qiagen,
Valencia CA). RNA integrity and concentration was quanti-
fied using 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA).

The TotalPrep-96 RNA amplification kit (Illumina,
San Diego, CA) was used for cRNA synthesis. cRNA
was hybridized to whole-genome Human HT-4 v12 Gene
Expression Bead Chips (Illumina, San Diego, CA), and
bead fluorescence intensity detected using the HiScan
SQ BeadArray Reader (Illumina, San Diego, CA). Gene
expression data were analyzed with the GenomeStudio
integrated informatics platform (Illumina, San Diego, CA)
and Partek Genomics Suite v6.6 (Partek Incorporated, St.
Louis, MO).

Sanger sequencing for detection of H3F3A and HISTIH3B
mutation

Five hundred nanograms of RNA was used for cDNA
synthesis using the Applied Biosystems High Capacity

@ Springer

cDNA Reverse Transcription kit (Life Technologies,
Carlsbad, CA). The H3F3A and HISTIH3B genes were
sequenced for the entire coding transcript. PCR was
performed using 7ag DNA polymerase (Invitrogen,
Life Technologies, Carlsbad CA) and standard condi-
tions using a C1000 Thermocycler (Biorad, Hercu-
les, CA) with the following primers: H3F3A forward
primer 5-ATGGCTCGTACAAAGCAG, reverse primer
5’-ACCAGGCCTGTAACGATGAG. HISTIH3B for-
ward primer 5-ATGGCTCGTACTAAACAGAC, reverse
primer 5’-AGTCTTGGGCGATTTCTCG. A 1/10 aliquot
of the PCR products was run on an agarose gel to verify
amplification of a single band, and the remainder was
passed through a MinElute PCR-purification kit (Qia-
gen, Gaithersburg, MD). PCR products were sent for
direct Sanger sequencing at the Johns Hopkins Genetic
Research Core Facility, and sequence chromatograms
were analyzed visually to detect H3F3A and HISTIH3B
¢.83A>T mutations.

DNA extraction and methylation analysis

DNA (500 ng) was obtained from tissue lysates using the
Gentra Puregene DNA Extraction kit (Qiagen, Valen-
cia CA). DNA was prepared for methylation analysis via
bisulphite conversion using the EZ DNA Methylation-Gold
kit (Zymo Research, Irvine CA). Bisulphite-converted
DNA was denatured and neutralized. After amplifica-
tion via PCR, DNA was fragmented and hybridized onto
the Infinium HumanMethylation450 BeadChip (Illumina,
San Diego, CA) and quantified using the iScan Reader
(Illumina, San Diego, CA). DNA methylation data was
analyzed using GenomeStudio (Illumina, San Diego, CA)
and Partek Genomics Suite v6.6 (Partek Incorporated, St.
Louis, MO).

Statistical analysis

Analyses were performed with Partek Genomics Suite
v6.6 (Partek Incorporated, St. Louis, MO). Protein and
gene expression values in tumor tissue were normalized
and compared to control specimens from the same patient:
p value <0.05 and fold change (FC) of expression <—2 or
>2 compared to normal tissue were considered significant
(1-way ANOVA model by using method of moments [14]:
Model: Yij = p + Experimental Group i + ¢&ij, where
Yij represents the jth observation on the ith Experimen-
tal Group, u is the common effect for the whole experi-
ment, and ¢ij represents the random error present in the
jth observation on the ith Experimental Group. The
errors ¢ij are assumed to be normally and independently
distributed with mean O and standard deviation § for all
measurements. Fisher’s least significant difference (LSD)
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contrast method was performed to compare groups [1].
For patients from whom normal tissue was not available,
comparisons were conducted using normalized values for
all tumor and normal specimens and filtered for signifi-
cance (ANOVA, p value <0.05 and FC < —2 or >2). DNA
methylation profiles compared between tumor and normal
specimens from the same patient (ANOVA, p value <0.05
and FC < —3 or >3).

Results
Proteomic analysis of pediatric brain tumor specimens
A total of 44 fresh-frozen pediatric brain tissue speci-

mens were used for label-free proteomic analysis
(Table 1). Tumor specimens included DIPG (n = 14),

supratentorial astrocytoma (n = 8), ependymoma
(n = 3), infratentorial juvenile pilocytic astrocytoma
(n = 2), medulloblastoma (n = 2), glioneural tumor

(n = 1), and meningioma (n = 1). For comparison, nor-
mal perilesional brainstem tissue from DIPG patients
(n = 8), and normal frontal lobe tissue from DIPG
(n = 2) and supratentorial pediatric GBM (n = 2)
patients were also collected. Unsupervised clustering
of all tumor protein profiles grouped DIPGs distinctly
and closest to supratentorial HGAs (Online Resource
1). Unsupervised clustering and principle component
analysis of high-grade glioma protein profiles (supraten-
torial pediatric GBM and DIPG) demonstrated cluster-
ing by tumor location and Histone 3 mutation status
(Fig. 1a). A total of 2,305 unique proteins were detected
across all specimens, with an average of 1,155 proteins
detected per specimen (protein expression data provided
in Online Resource 1-6).

Amongst DIPG tumor specimens (n = 14), a total of
2,061 proteins were positively identified (Online Resource
2) of which 1,744 (79.4 %) proteins were detected in both
normal and tumor tissue from DIPG patients [317 (14.4 %)
proteins unique to tumor and 135 (6.1 %) unique to nor-
mal]. Unsupervised hierarchical clustering of pairwise
DIPG protein profiles revealed the presence of two sub-
groups in our cohort, termed Subgroups 1 and 2 (Online
Resource 3). A total of 65 proteins were significantly differ-
entially expressed between these two subgroups (ANOVA,
p value <0.05 and FC < —2 or >2; Online Resource 4).

Protein profiles of fresh-frozen DIPG specimens were
compared to previously characterized CSF [44] and paraf-
fin-embedded DIPG profiles [35] (Online Resource 5). A
large percentage of the DIPG CSF proteome (76.8 %) was
detected in fresh-frozen DIPG tissue. A total of 75 % (42
of 55) of proteins previously identified by our group in par-
affin-embedded DIPG tumor tissue (FFPE) [35] were also

detected in the fresh-frozen DIPG tumor tissue analyzed
here.

Validation of proteomics data

CLU, EF2, and TLN1 were selected for further validation
based on their expression profiles and biological func-
tions. We validated upregulation of CLU and TLNI1 in
tumor by Western blotting assays (Fig. 1b). EF2 expres-
sion was observed in only one of the two DIPG specimens
and none of the two adjacent normal tissue specimens
tested (Fig. 1b). Immunohistochemical staining of DIPG
tumor and perilesional normal brainstem tissue further con-
firmed tumor-specific expression of CLU, EF2, and TLN1
(Fig. 1b). Antibody specificity was validated by mass
spectrometry: protein profiles were searched to ensure
that detected bands on Western blot correlated to peptides
identified by mass spectrometry for the target protein at the
same molecular mass (Online Resource 6).

mRNA expression profiling of pediatric brain tumor
specimens

Tissue mRNA expression of 16 high-grade astrocytoma
(HGA) specimens, including DIPG (n = 13) and supraten-
torial pediatric GBM (n = 3), were characterized and
compared to normal tissue profiles from the same patients
(n = 10). mRNA profiles of low-grade astrocytoma (n = 3),
ependymoma (n = 3), infratentorial juvenile pilocytic astro-
cytoma (n = 2), medulloblastoma (n = 2), meningioma
(n = 1), and glioneural tumor (n = 1) tissue were also char-
acterized (Online Resources 7—-11). A total of 1,249 differ-
entially expressed genes were identified between tumor and
normal tissue (ANOVA, p value Dx < 0.05 and FC < -2 or
>2; Online Resource 7). As with protein profiles, unsuper-
vised clustering of all tumor mRNA profiles grouped DIPGs
distinctly and closest to supratentorial HGAs (Online
Resource 8). Unsupervised analysis of HGA mRNA expres-
sion profiles (pediatric supratentorial GBM n = 1, and
DIPG n = 8) revealed clustering by tumor location and
Histone 3 mutation status (Online resource 9). Comparative
mRNA expression in eight DIPGs was evaluated via pair-
wise comparison with normal perilesional brainstem (n = 6)
or frontal lobe tissue (n = 2) from the same patient (Online
Resource 10), yielding 1,918 differentially expressed genes
(ANOVA, p value <0.05 and FC < —2 or >2, results pro-
vided in Online Resource 11). Unsupervised hierarchical
clustering of pairwise gene expression profiles revealed two
distinct DIPG subgroups (Subgroups 1 and 2, Fig. 1c), vali-
dating clustering of protein profiles with the exception of
the two tumor specimens normalized to frontal lobe tissue
(patient IDs 13 and 14), which clustered with Subgroup 2
at the protein level, but with Subgroup 1 at the mRNA level.
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Further analysis using Partek Genomics Suite (St. Louis,
MO) revealed 158 most differentially expressed genes
between these two subgroups (ANOVA, p value <0.05
and FC < —2 or >2), including CP, HISTIH4A, MMP17,
LAMBI, LAMCI, NRCM, PDGFC, STMN, TMEMI5S,
TNC, VATI and ZYX (Online Resource 12). Biologic dif-
ferences between these subgroups were explored further
through functional pathway analysis.

@ Springer

Comparison of DIPG protein and mRNA expression
profiles

To determine the overlap between gene and protein data
sets, relative gene and protein expression profiles between
tumor and normal tissue of the same (pairwise) DIPG
patients (n = 8) were compared. A total of 2,305 distinct
proteins were identified in tissue proteomic analysis, with
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4 Fig. 1 Protein and mRNA profiles of DIPGs are distinct from other

pediatric brain tumors and Exhibit two molecular subtypes. a Prin-
cipal component analysis of high-grade astrocytoma protein expres-
sion values (DIPG n = 14, yellow; pediatric supratentorial GBM
n = 4, green) demonstrates unique protein profiles by tumor loca-
tion and Histone 3 K27M mutation status (H3.1 red, H3.3 orange,
H3 wild type gray). H3 mutant DIPGs cluster closely compared to
H3 wild type or GBMs. b Top left panel Western blot analysis of
DIPG and normal tissue lysate reveals tumor-specific expression of
Talin-1 (TLN1), Eukaryotic Elongation Factor 2 (EF2) and Clusterin
(CLU), with GAPDH used as a loading control. b Top right panel
Protein expression levels were measured by densitometry: average
values for each group (tumor and normal) are represented by bar
graphs; *p value <0.05. b Bottom panel immunohistochemical stain-
ing of DIPG tumor and adjacent normal brainstem tissue (Patient ID
7) validated cytosolic upregulation of TLN1, EF2 and CLU in tumor
regions as indicated by H&E staining. Scale bar 200 pwm; inset scale
bar 25 pm. ¢ Top panel supervised hierarchical clustering of DIPG
tumor protein expression profiles (n = 8 pairs, pairwise tumor Vvs.
normal FC values) based on subgroups identified through mRNA
expression profile analysis revealed 65 significantly differentially
expressed proteins between Subgroup 1 and 2 (ANOVA, p value
<0.05 and FC < —2 or >2). ¢ Middle panel principal component
analysis after unsupervised hierarchical clustering of DIPG mRNA
expression profiles depicts two distinct subgroups with differential
expression of 1,918 genes (n = 8 pairs, pairwise tumor vs. normal
FC < —2 or >2). Subgroup 1 = red, n = 3, patient IDs 3, 8 and 10;
Subgroup 2 = blue, n =5, PIDs 6, 7, 11, 13 and 14. ¢ Bottom panel
overall concordance between mRNA and protein expression profiles
is seen across 53 % of molecules detected

2,215 of these detected at the mRNA level, representing
96 % of the total detected tissue proteome. Of the mole-
cules detected in both analyses, 54 % exhibited concordant
expression patterns (i.e., up or down regulated at both the
mRNA and protein level) (Fig. 1c). Differences in mRNA
and protein profiles could be attributed to relative insta-
bility and higher rate of turnover of mRNA compared to
protein. Focused analysis of DIPG protein profiles limited
to only those patients for which mRNA profiling was also
performed (n = 8) revealed 65 differentially expressed pro-
teins (p < 0.05) between Subgroups 1 and 2 (ANOVA, p
value < 0.05 and FC < —2 or >2) (Fig. lc).

Observed DIPG mRNA and protein expression profiles
were used to explore molecular pathways of DIPG tumo-
rigenesis using IPA software. Actin cytoskeletal signaling
and axonal signaling were identified as the top canonical
pathways represented by both protein and gene profiles
(pathway depicted in Online Resource 13). Molecules in
these pathways include CLU and TLN1 which we have
shown to be upregulated in DIPG CSF [44].

Characterization of DIPG molecular subtypes

To explore molecular pathways underlying identified
DIPG subgroups 1 and 2, IPA software was employed
using observed pairwise mRNA and protein profiles. A
significant difference in Myc Oncogene and Hh pathway

activity was detected between Subgroups 1 and 2 at both
mRNA and protein levels. Subgroup 1 showed increased
Myc (N-Myc) and Subgroup 2 exhibited increased Hh
activity. Significant differential expression of downstream
genes belonging to the Myc and Hh pathways were identi-
fied between the two subgroups (ANOVA, p value <0.05
and FC < —2 or >2) including: CDKI, COLIA2, DBI,
GLIl, PTCHI, MYCN, SMO, SOX18, STMNI, TNC, and
VEGFA (ANOVA, p value <0.05 and FC < -2 or >2)
(Online Resources 14, 15). Subsequent unsupervised
analysis of expression values of genes belonging to Myc
and Hh signaling pathways recapitulated the subgroup
clustering patterns from the unsupervised mRNA analysis
(Online Resource 15).

Functional analysis based on histone H3 K27M mutation

Mutations in the H3F3A and HISTIH3B genes, which
encode histone variants H3.3 and H3.1, respectively, have
recently been implicated in pediatric DIPG and HGA [19,
27, 57]. We performed Sanger sequencing of the H3F3A
and HISTIH3B loci on DNA extracted from our cohort of
brain tumor specimens. We detected ¢.83A—T missense
mutation resulting in pLys27Met (K27M) substitution in
10 out of 13 (77 %) DIPG specimens (H3F3A mutation
n = 8, HISTIH3B mutation n = 2). Histone mutations were
also detected in GBM specimens (H3F3A mutation n = 2,
HISTIH3B mutation n = 1), but not in tumor tissue from
patients with ependymoma, low-grade supratentorial astro-
cytoma, medulloblastoma, infratentorial juvenile pilocytic
astrocytoma, glioneural tumor, or meningioma (Online
Resource 16).

To further explore the effect of Histone 3 mutation on
molecular expression in DIPGs, we analyzed mRNA and
protein profiles of HGA specimens based on tumor loca-
tion and mutation status. Unsupervised analysis of HGA
protein profiles (DIPG n = 14, supratentorial pediat-
ric GBM n = 4) resulted in specimen clustering by His-
tone 3 mutation status, then location (Fig. 1a). Supervised
analysis of HGAs by tumor location revealed 108 differ-
entially expressed proteins between infratentorial (DIPG,
n = 14) and supratentorial (GBM, n = 4) HGAs, and 60
significantly differentially expressed proteins between H3.3
mutants (n = 10) and wild types (n = 8). Functional analy-
sis indicated relatively decreased VEGF (activation z score
—2.19, p value 5.04 x 10E—3) vs. increased Myc (z score
0.2, p value 1.38 x 107%) signaling in infratentorial com-
pared to supratentorial HGAs. Histone signaling was the
top differentially activated pathway in H3.3 mutants, with
differentially expressed molecules mapping to telomere
extension (p value 2.22 x 10E—2) and DNA methylation/
transcription repression signaling (p value 2.92 x 1072).
Supervised analysis of DIPG (n = 14) protein profiles by
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Histone 3 mutation status revealed 112 proteins with sig-
nificant differential expression between Histone 3 mutants
(H3.3 n = 8, H3.1 n = 2, total n = 10) and wild types
(n = 4) across all specimens (ANOVA, p value <0.05 and
FC < —2 or >2) (Online Resource 17). Further parsing
by H3.1 versus H3.3 mutation status demonstrated 94 sig-
nificantly differentially expressed proteins between H3.3
mutants and wild types, 59 between H3.1 mutants and wild
types, and 54 between H3.3 and H3.1 mutants (ANOVA, p
value <0.05 and FC < —2 or >2) (data not shown). Func-
tional analysis comparing DIPG Histone 3 mutant protein
profiles to wild-type specimens identified greater relative
Myc activation in H3.3 compared to H3.1 mutants (z score
0.277, p value 3.7 x 10E—2).

Comparison of HGA mRNA profiles by tumor loca-
tion revealed 2,274 significantly differentially expressed
genes between DIPGs (n = 13) and supratentorial GBMs
(n = 3) (ANOVA, p value <0.05 and FC < —2 or >2), with
H3 mutant profiles clustering distinctly from wild types
(Online Resource 18). Supervised analysis of DIPG mRNA
profiles based on H3.3 mutation status revealed 345 sig-
nificantly differentially expressed genes (ANOVA, p value
<0.05 and FC < —2 or >2) (Online Resource 19). A total
of 58 genes were upregulated (FC > 2) in all H3.3 K27M
mutants with respect to wild-type specimens. In contrast,
209 genes were downregulated (FC < —2) in all H3.3
K27M mutants (Online Resource 20). Supervised cluster-
ing of DIPG specimens based on H3 K27M mutation did
not align with the Myc (Subgroup 1) and Hh (Subgroup
2) DIPG subgroups identified by mRNA and proteom-
ics analysis (Online Resource 19). To further evaluate the
relationship between observed Subgroups 1 and 2 and H3
mutation status, we selected DIPG specimens that con-
tained both normal and tumor tissue, and that represent
both the H3 mutation statuses as well as subgroup classifi-
cations (1 and 2). Three FFPE DIPG specimens met these
criteria and were used to evaluate the expression of Patchl
(PTCH1), a transmembrane protein that acts as the receptor
for Hedgehog (Hh). All tumor tissue demonstrated greater
PTCHI staining compared to adjacent perilesional normal
tissue (Fig. 2a). As expected, the two specimens belong-
ing to Subgroup 2 demonstrated greater PTCHI1 staining
than the Subgroup 1 specimen. To confirm activation of Hh
signaling in Subgroup 2 patients, we performed immuno-
histochemistry to measure nuclear localization of GLI1 as
a marker of downstream activation of Hh signaling in four
DIPG tumor specimens. We detected nuclear localization
of GLII in all three DIPG Subgroup 2 specimens (Fig. 2b).
In contrast, GLII nuclear expression and localization was
not detected in the Subgroup 1 specimen tested. H3 muta-
tion status did not seem to affect the level of PTCHI1 or
GLII1 expression, suggesting differential Hh pathway activ-
ity may be independent of H3 K27M mutation in these

specimens. Immunohistochemical staining revealed low
p53 expression in three H3 mutant DIPGs but not in the H3
wild-type specimen (Fig. 2b). ATRX was not detected in
any of the DIPG tissue specimens tested (n = 4), but was
expressed in an adult GBM specimen stained as a positive
control (Online Resource 21).

Methylation analysis of DIPG tissue

DNA methylation patterns were studied in nine pairs of
DIPG tumor and adjacent perilesional normal brain tissue
(Online Resources 22, 23). Unsupervised Bayesian analysis
exhibited greater genome-wide hypomethylation compared
to normal tissue from the same patients with 4,808 CpG
sites significantly hypermethylated and 14,428 hypometh-
ylated (ANOVA, p value with FDR <0.05 and FC < —3 or
>3; Online Resource 22) (Fig. 3a). Pathway analysis impli-
cated cellular receptor activity as top molecular function,
and cell proliferation as top biological function of differen-
tially methylated genes in tumor specimens.

Supervised analysis of methylation profiles comparing
Subgroup 1 and 2 revealed 786 differentially methylated
CpG loci (ANOVA, p value with FDR <0.05 and FC < -2
or >2) (Fig. 3b; filtered analysis results provided in Online
Resource 24). Functional analysis of genes hypomethylated
in Subgroup 1 (Myc) but hypermethylated in Subgroup
2 (Hh) demonstrated a network of molecular interaction
including MYC, AKT and PDGFBB, with telomerase sign-
aling as the top canonical pathway (p value 1.04E—02).
Hypomethylated Subgroup 2 genes represented a network
of molecular interaction including CDKNIB, WNT7A,
WNT3 and FOXF, with cell cycle checkpoint regulation
at G1/S as the top canonical pathway (p value 9.53E—03)
(Online Resource 25). Network interaction with Histone 3
was identified in both sets of genes. Our analysis confirmed
that in most cases methylation levels were concordant with
detected relative gene and protein expression. For example,
inspection of DNA methylation at 486 CpG sites corre-
sponding to genes involved in Myc or Hh signaling revealed
differential methylation of 29 genes between Subgroup 1
and 2, including COLIA2, HISTIH4A, NOX4, LAMBI,
LAMCI, MYC, TNFE, TNC, GLIPRI, and SRF (ANOVA,
p value <0.05 and FC < —2 or >2) (Online resource 26).
Unsupervised analysis of DNA methylation values for
these genes yielded the same two DIPG subgroups identi-
fied in proteomic and mRNA analysis (Fig. 3c). In addi-
tion, statistically significant hypomethylation (FC —5.5) at
a CpG island within the transcriptional start site of the Myc
gene was observed in Subgroup 1, while a CpG island at
the 5/-UTR of the PTCHD2 gene was significantly hypo-
methylated in Subgroup 2 (FC —5.1) (Online Resource 24).
We also observed less overall methylation in the genome
of patients with Myc activation (61 %) compared to those
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Fig. 2 Molecular expression in tumor tissue validates differential Hh
signaling between DIPG subgroups. a Immunohistochemical stain-
ing of DIPG tumor and normal tissue demonstrates increased PTCH
staining in DIPG tumor tissue from patients with implicated Hh sign-
aling (center and right patient IDs 7 and 14). Patients with implicated
Myc signaling (left, patient ID 10) demonstrate a relative decrease in
PTCH staining. H3.3 mutation status does not appear to affect degree
of PTCH staining in tumor tissue. Scale bar 100 wm; inset scale

with implied Hh activation (39 %). These results suggest
that variance in epigenetic control of gene expression may
contribute to observed subgroup differences in Myc and Hh
signaling in the DIPG gene and protein expression profiles
presented here.
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GLI1
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bar 12.5 pm. b Immunohistochemical staining of DIPG tumor tissue
(n = 4) demonstrates nuclear localization of GLI1 in patients with
implicated Hh signaling (Subgroup 2, PIDs 7, 11, 14), and low levels
of p53 expression in all H3 mutants tested (denoted by asterisk). H3
mutation does not appear to affect degree of GLII staining in tumor
tissue. ATRX expression was not detected in DIPG specimens. Scale
bar 3 wm for P53 and ATRX and 90 wm for GLI1

Methylation analysis based on Histone 3 mutation

Methylation patterns based on Histone 3 mutation sta-
tus were inspected in DIPG, with focus on H3.3 as both
gene and methylation data were available for only one
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Fig. 3 Patterns of DNA methylation in DIPG tissue. a Analysis of
DNA methylation profiles of all DIPG specimens (fold change of
average methylation in tumor compared to normal) demonstrates
global DNA hypomethylation in tumor (n = 9) compared normal
brainstem tissue specimens (n = 9). Volcano plot depicts 4,808
hypermethylated (red) and 14,428 hypomethylated (blue) CpG sites
in tumor relative to normal tissue specimens (ANOVA, p value with
FDR <0.05 and FC < —3 or >3). X-axis tumor vs. normal fold
change value. Y-axis p value. b Unsupervised analysis of DNA meth-
ylation profiles at 486 CpG loci related to genes belonging to Myc
and Hh signaling pathways in patients in whom mRNA analysis was
also performed (n = 6) identified statistically significant differential
methylation of 29 genes between DIPG Subgroup 1 and 2 (ANOVA,
p value <0.05 and FC < —2 or >2). ¢ Comparison of whole-genome
DNA methylation profiles supervised by molecular subgroup (n = 7
pairs, pairwise tumor vs. normal fold change values) revealed an
additional 786 differentially methylated sites between DIPG Sub-
group 1 and 2 (ANOVA, p value <0.05 and FC < —3 or >3). Func-
tional analysis of this data set identified dysregulated genes related to
Myc, WNT, and Hh signaling pathways and network interaction with
Histone 3

H3.1 mutant specimen (Table 1). Analysis by H3.3 K27M
mutation status revealed 1,449 differentially methylated
CpG loci between H3.3 K27M mutant (n = 9) and wild-
type specimens (n = 9) (ANOVA, p value <0.05 and FC
< —3 or >3; Online Resource 27). The H3.3 K27M muta-
tion did appear to affect the genomic pattern of DNA meth-
ylation. The most prominent methylation dysregulation
was observed in a number of biologically relevant genes
(Online Resources 20, 28). Hypomethylated genes in H3.3
mutant tumors included GATA2, a regulator of gene tran-
scription; WNT3, a key factor in oncogenesis; EVXI, an
embryonic transcriptional repressor; DLX6AS, involved
in forebrain and craniofacial development; and GDF6,
a member of the bone morphogenetic protein (BMP) and
TGF-beta families. Unsupervised analysis of DIPG tis-
sue methylation profiles demonstrates clustering of H3.3
mutants, with H3.1 mutants grouping together amongst
H3.3 wild types. H3.3 mutation-based supervised analysis
using pairwise DIPG methylation profiles revealed differ-
ential methylation of 645 CpG sites between H3.3 K27M
mutant (n = 5) and wild-type (n = 4) specimens, with 315
loci (48.8 %) hypomethylated in mutants, and 330 loci
(51.2 %) hypomethylated in wild types (Online Resource
29). Of these, 212 CpG sites exhibit the same methylation
pattern in all subjects by H3F3A mutation status, with 134
loci (63.2 %) hypomethylated in mutant patients and 78
loci (36.8 %) hypomethylated in wild-type patients (n = 4)
(heat map and pathway depicted in Online Resource 30).
No distinction was observed between the two H3.1 mutant
DIPGs and the remaining two H3.3 wild-type DIPGs in this
analysis. The top biological function of genes selectively
hypermethylated in mutants compared to wild-type speci-
mens was inhibition of autophagy of brain cancer cells (p
values 9.54E—03), suggesting H3.3 K27M mutation may
be associated with loss of inhibition of this process, result-
ing in increased tumor cell turnover (Online Resource 31).

Discussion

One major factor hindering our understanding of the biol-
ogy of DIPG is the paucity of specimens for molecular
studies. Given this challenge, we sought to deepen the
molecular characterization of this rare pediatric brain tumor
by applying multiple cutting-edge analytic approaches to a
cohort of DIPG and other pediatric brain tumor specimens.
Here, we present the first comprehensive four-dimensional
analysis of DIPG specimens that characterizes their prot-
eomic, transcriptomic, methylomic, and Histone H3 muta-
tion profiles.
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Pathway analysis of DIPG tumor tissue provides a win-
dow for greater understanding of DIPG as a distinct form
of glioma. Overall, DIPG protein profiles were clearly
distinct from other tumor types, but most similar to other
HGAs. Importantly, no significant difference was observed
in the number of proteins identified in postmortem com-
pared to intraoperatively acquired tissue specimens. The
significant overlap (96 %) between proteome and transcrip-
tome of DIPG specimens validates the utility of proteomic
profiling for molecular characterization of DIPGs. Indeed,
in two cases the extent of tissue mRNA degradation pre-
cluded gene expression analysis, but proteomic analysis
was still possible. Importantly, signaling pathways impli-
cated through functional analysis of proteomic profiles are
similar to those identified using gene expression profiles
from the same patients, underscoring the utility of protein
profiling for molecular characterization of DIPG.

Within our cohort, both protein and mRNA expression
profiles suggested the presence of two molecular subtypes
of DIPG, with differential expression of upstream regu-
latory molecules Myc Oncogene (N-Myc) and glioma-
associated oncogene (GLI1), a member of the Hedgehog
(Hh) signaling pathway. Increased Hh signaling in brain-
stem gliomas as well as in DIPG stem cell-like progeni-
tor cells has been previously reported [34, 37]. Further,
a recently constructed database of genomic analyses of
pediatric DIPG specimens indicates copy number gains
(75 %) at 12ql4.1 corresponding to the GLII gene [5].
These findings indicate that Hh signaling, which drives
the development of neural precursors in the ventral pons,
may play an important role in tumor formation in a sub-
set of DIPGs. In contrast, functional analysis of mRNA
profiles from DIPG patients with decreased Hh pathway
signaling (Subgroup 1) demonstrated relatively increased
Myc activity (N-Myc) at both the mRNA and protein lev-
els (Online Resource 15), which is consistent with previ-
ous findings of Myc amplification in brainstem glioma [3,
5, 37]. Recent studies also associated MYC and MYCN
amplification with DIPG, [24, 27, 28, 57] which are con-
sistent with our finding of increased MYCN expression in
four of five H3F3A mutants (Online Resource 10). Slight
differences in subgroup assignment between protein and
gene data may be attributable to the relative instability or
frequency of turnover of mRNA compared to proteins.
In addition, the two tumor specimens whose mRNA and
protein profiling implicated different molecular subgroups
were normalized to frontal lobe, rather than perilesional
normal brainstem tissue which may contain infiltrative
tumor cells.

Increasing evidence points to epigenetic forces in driv-
ing cancers including DIPGs [11, 18, 22]. Mutations in
H3F3A or the related HISTIH3B, encoding Histone 3.3
and Histone 3.1, respectively, have been recently identified
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in up to 78 % of pediatric DIPGs [19, 48, 57]. Conversion
of a lysine residue to methionine at position 27 on His-
tone H3 results in loss of methylation and/or acetylation
at this site, causing aberrant chromatin remodeling and
gene expression [24, 27, 28, 48, 52, 57] or loss of inter-
action with Polycomb repressive complex 2 (PRC2), a
gene-silencing regulator [9, 31, 52]. We investigated the
effect of the H3.3 and H3.1 mutation on molecular profiles
of our DIPG cohort (62 % H3F3A and 20 % HISTIH3B
mutants) and show global gene transcription upregulation
associated with histone H3 K27M mutation. Since radia-
tion is the major therapeutic modality used to treat children
with DIPG, we questioned whether our H3 K27M cohort
exhibited molecular pathways that could explain radiation
therapy resistance. Functional analysis of DIPG mRNA and
protein profiles demonstrated altered cell cycle control and
inhibition of tumor cell autophagy pathways in H3 K27M
mutants. Our results suggest that the H3 K27M mutation
may potentially contribute to the resistance to radiation
therapy and poorer overall prognosis seen in patients har-
boring this mutation by causing wide ranging alteration of
epigenetic mechanism [27, 57]. Unfortunately, clinical data
were not available for all patients in our cohort to correlate
survival or age with Histone 3 mutation status, or with our
identified Myc and Hh subtypes.

Another interesting observation in the mRNA and pro-
tein expression profiles of H3 K27M mutants include
increased expression of HIPK1, which phosphorylates
DAXX (death-domain associated protein). DAXX is a sub-
unit of H3.3-ATRX-DAXX chromatin-remodeling complex
required for H3.3 incorporation into heterochromatin and
telomeres [12, 30]. Somatic mutation of the ATRX-DAXX
complex is associated with 31 % of GBMs harboring the
H3.3 K27M mutation and 100 % harboring the H3.3 G34R
or G34V mutation. HIPK1 upregulation could result in
increased translocation of DAXX, which may in turn alter
chromatin and telomere structure causing aberrant gene
expression in DIPG.

Our observation of DIPG tumor hypomethylation com-
pared to normal brainstem tissue is consistent with find-
ings of global genomic hypomethylation in other cancers
[11, 13, 23]. In general, DIPGs exhibit a more similar
global methylation pattern to each other than to their cor-
responding normal peritumoral tissue. Differential meth-
ylation of genes related to the Myc and Hh pathways,
concordant with observed differential expression at the
mRNA and protein level, was also observed between
DIPG Subgroups 1 and 2. This suggests that changes in
DNA methylation may contribute to subgroup differences
in Myc and Hh pathway expression observed in our DIPG
cohort. Hypomethylation of 0°%methylguanine DNA
methyltransferase (MGMT) in H3.3 mutants (Online
Resources 29, 30) is of particular interest, as MGMT
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promoter methylation is associated with longer survival
in GBM patients treated with the alkylating agent, temo-
zolomide. Clinical trials investigating the efficacy of
temozolomide in DIPG based on MGMT promotor sta-
tus are currently underway; given our results, correlation
with H3.3 K27M status may provide additional insight
to patient response to this therapy. Our observation that
neither H3.1 nor H3.3 K27M mutation status overlap with
mRNA and protein data subgroups may imply that Hh and
Myc pathways are secondary to (and independent of) the
effects of Histone 3 mutation. Given the small proportion
of H3.1 K27M mutants in our cohort, meaningful com-
parisons of H3.3 vs. H3.1 methylation profiles could not
be investigated.

Indeed, despite our multidimensional analyses of DIPG
specimens, the relatively small sample size of this study is
not sufficient to identify all possible DIPG subtypes. For
example, identification of genetic subtypes of medulloblas-
toma was successful only upon inclusion of a large cohort
of specimens [29, 36, 51]. Another factor that potentially
may influence our molecular profiles is the heterogeneity
of perilesional normal brain tissue. While normal tissue
was identified via histopathological inspection by a neu-
ropathologist, infiltrating tumor cells may be still present
to varying degrees within the normal sections, contributing
to the mRNA and protein pools. Despite these considera-
tions, given the difference in relative Hh pathway activation
observed in our DIPG cohort and the detection of related
downstream molecules in our gene and protein profiles, our
results do suggest that clinical identification of Hh signal-
ing could be potentially used for patient stratification to
pathway-targeted therapies.

Identification of CLU and TLN1 as proteins associated
with DIPG is of special interest. CLU is a secreted molecu-
lar chaperone protein implicated in cancer [15, 17, 32, 43,
54, 55] that we previously detected in the CSF proteome
of DIPG patients [44]. TLN1 is a cytoskeletal protein that
controls integrin activation to facilitate cell migration by
promoting cell motility and adhesion in glioma [7, 41, 42,
46, 56]. Currently, therapeutic agents targeting integrins
such as cilengitide are under investigation as a treatment
for adult high-grade astrocytoma (GBM). Both CLU and
TLNI1 play a role in cytoskeletal formation, which is also
pursued as a novel therapeutic target in glioma [7, 10, 41,
45, 50] (Online Resource 13). Given the continued contro-
versy surrounding diagnostic biopsy for DIPG, identifica-
tion of biologically relevant secreted tumor proteins such as
CLU that may be detected in serially accessible fluids such
as CSF, blood or urine could have significant clinical impli-
cations [4, 22, 25, 38].

In conclusion, DIPG is a devastating form of pediatric
brain tumor for which no effective treatment exists. By inte-
grating protein, mRNA, DNA methylation and histone H3

K27M mutation analysis, we provide a four-dimensional
molecular characterization of DIPG to lend insight to
tumor biology despite the paucity of tissue available for
study. Our multidimensional analysis of rare DIPG speci-
mens suggests that subtypes of DIPG may arise due to a
complex interplay between epigenetic factors and onco-
genic signaling pathways. Importantly, we show that the
DIPG proteome can contribute to our understanding this
complex biology, and is useful to guide future research
and improve molecular diagnosis and therapeutic design.
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